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Structural  and  functional  longitudinal  alterations  of  the  lungs  were followed  in an  emphysema  model.
Rats  were  treated  with  porcine  pancreatic  elastase  (PPE,  n = 21)  or  saline  (controls,  C,  n  =  19).  Before
the  treatment  and  3, 10, 21  and  105  days  thereafter,  absolute  lung  volumes  (FRC,  TLC  and  RV)  and  tissue
mechanical  parameters  (elastance:  H; damping:  G)  were  determined.  At  3, 21  and  105  days  the  lungs  were
ﬁxed in  subgroups  of  rats.  From  histological  samples  the equivalent  diameter  of airspaces  (Dalv),  elastinxtracellular matrix
lethysmography
ung mechanics
rthogonal polarization spectral imaging
(Mec)  and collagen  densities  were  assessed.  In the  PPE  group,  FRC  and  RV  were  higher  from  3  days  after
treatment  compared  to  controls  (p  <  0.001),  while  TLC  exhibited  a delayed  increase.  H and  G decreased  in
the  PPE  group throughout  the study  (p  <  0.001). Higher  Mec  (p < 0.001)  and  late-phase  inﬂammation  were
observed  at 105 days.  We  conclude  that  during  the  progression  of emphysema,  septal  failures  increase
his  reDalv which  decreases  H; t
. Introduction
Small animal models have extensively been used to study
athological mechanisms underlying the development of chronic
bstructive pulmonary disease (COPD) due to their rapid repro-
uction cycle, low cost housing and genetic manipulations. A
umber of studies applied elastolytic treatments in animals to
voke emphysema-like alterations in the lung parenchyma (Snider
t al., 1986). Porcine pancreatic elastase (PPE)-induced rodent mod-
ls of emphysema are commonly used (Stevenson and Birrell, 2011)
o quickly generate emphysema-like airspace enlargement that can
e studied easily within a month, thus the time course of the inves-
igation period is usually 2–4 weeks. However, the human disease
s a slowly progressing chronic pathological condition with long-
erm effects on the patient, which usually starts around midlife. To
dvance the understanding the chronic aspects of human emphy-
ema, long-term measurements are also needed in rodents to reveal
ow changes in tissue structure and composition impact on lung
unction. Such structure–function relations are best obtained in
ong-term, follow-up studies. Since repeated intubations during
nesthesia of small animals pose technical challenges, most rodent
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ersity of Szeged, 9 Korányi fasor, H-6720 Szeged, Hungary. Tel.: +36 62 545 077;
ax: +36 62 544 566.
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569-9048/© 2015 Elsevier B.V. All rights reserved.veals  a strong  structure–function  relationship.
©  2015  Elsevier  B.V.  All  rights  reserved.
studies have been limited to cross-sectional analysis of disease pro-
gression (Artaechevarria et al., 2011; Belloﬁore et al., 1989; Emami
et al., 2008).
The primary aim of this study was to assess the extent to which
the changes in alveolar structure and extracellular matrix (ECM)
composition, induced by administration of a single dose of PPE
determine lung function in follow-up experiments for time scales
well beyond the usual several weeks most previous studies report.
To this end, we treated rats with PPE and followed the changes
in lung function for a period of 105 days. Additionally, at several
time points, lung structure was  also assessed by standard histology
and collagen and elastin distribution from speciﬁc staining. Fur-
thermore, we also visualized subpleural airspaces at 105 days after
treatment using Orthogonal Polarization Spectral (OPS) imaging, in
order to assess the airspace enlargement in its native form with-
out introducing tissue ﬁxation. Our results suggest a progressive
and continuous deterioration of lung volumes and mechanics even
at 105 days after a single dose of PPE treatment and the existence
of strong structure–function relations that result from septal wall
failures during the progression of emphysema.
2. Materials and methodsThe study was approved by the Institutional Committee of Ani-
mal  Welfare, University of Szeged, and conducted in conformity
with the NIH guidelines.
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Table 1
Experimental group design.
Respiratory
function
C0 (n = 19) C3 (n = 19) C10 (n = 15) C21 (n = 15) C105 (n = 9, 1 died)
T0  (n = 21) T3 (n = 21) T10 (n = 16) T21 (n = 16) T105 (n = 12)
Histology
N/A  C3 (n = 4) N/A C21 (n = 5) C105 (n = 4)
N/A  T3 (n = 5) N/A T21 (n = 4) T105 (n = 6)
N/A  N/A N/A N/A C105 (n = 5)
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ee text for the deﬁnitions of groups C and T. OPS: orthogonal polarization spectral
.1. Experimental groups
Forty Sprague–Dawley rats were anesthetized with chloral
ydrate (350 mg/kg) and intubated. Rats were placed in a plethys-
ograph and ventilated with a tidal volume of 8 ml/kg and a rate of
5/min using a small-animal respirator (Harvard Apparatus, South
atick, MA). After the lung function measurements were made, the
ats were treated with intratracheal instillation (Houghton et al.,
006) of porcine pancreatic elastase (PPE, Affymetrix/USB, Cleve-
and, Ohio) with a dose of 50 IU PPE in 0.5 ml  saline (Hantos et al.,
008) (PPE-treated group: T, n = 21) or 0.5 ml  saline (control group:
, n = 19), and were allowed to recover. The same animals were
nesthetized, intubated and measured again at 3, 10, 21 and 105
ays after treatment. The corresponding groups are denoted as T0
nd C0 (treated and control at day 0), T3 and C3 (treated and control
t day 3), T10 and C10 (treated and control at day 10), T21 and C21
treated and control at day 21), and T105 and C105 (treated and
ontrol at day 105); see Table 1.
.2. Respiratory function
Functional residual capacity (FRC), inspiratory capacity (IC),
xpiratory reserve volume (ERV), total lung capacity (TLC) and
esidual volume (RV) were determined with body plethysmogra-
hy (DuBois et al., 1956) as described previously (Jánosi et al., 2006;
olnai et al., 2012). Respiratory impedance was measured at FRC
ith forced oscillation technique between 0.5 and 16 Hz. Airway
esistance (Raw), H, G and hysteresivity ( = G/H) were calculated
y ﬁtting the constant-phase model to impedance spectra (Hantos
t al., 1992).
.3. Orthogonal polarization spectral imaging
The OPS imaging equipment (CytoscanTM, Cytometrics, PA)
as employed to visualize the subpleural alveolar structure. This
echnique was developed for microcirculation studies, with a wave-
ength of 548 nm at which both oxy-and deoxy-hemoglobin absorb
qually (Groner et al., 1999). The resolution was 1 m/pixel and the
epth of focus was adjusted in the range 0–200 m.  On day 105,
ungs and heart were removed en bloc and suspended from the tra-
heal cannula at a transpulmonary pressure of 25 cmH2O. The lung
urface was scanned at 10 randomly selected areas on different
obes. From each video recording, 10–12 non-overlapping frames
650 m in diameter) were collected. Custom-made software was
sed to identify the septal borders, and from each enclosed area
he alveolar diameters (Dalv) were calculated. Alveoli truncated
y the edge of the frame were also included if the edge segment
onstituted less than 15% of the total circumference.
.4. HistologyWhole lungs in groups T105 and C105, and subgroups of T3,
3, T21 and C21 (n = 5 each) were ﬁxed with 4% buffered formalde-
yde at 25 cmH2O pressure and processed for imaging (Tolnai et al.,
012). Samples were stained with hematoxylin-eosin (H&E), andN/A N/A T105 (n = 5)
ng.
modiﬁed Movat’s and Masson’s methods were used for visualiz-
ing elastin and collagen, respectively. Histological evaluation of
inﬂammatory cells was assessed from the H&E images. Dalv, the
area weighted mean diameter (D2) (Parameswaran et al., 2006),
the alveolar septal wall thickness (Tw), mean elastin (Mec) and
mean collagen (Mcc) densities were calculated using custom-made
software based on monochromatic transformation of the images,
where the color intensity represented collagen or elastin content.
2.5. Statistical analysis
The effect of PPE and time, the Mec  and Mcc  were analyzed with
two-way ANOVA. Body weights were compared with t-test. The dis-
tributions of Dalv were compared with Kolmogorov–Smirnov test.
The structure–function relations were compared by using linear
regressions. A p value <0.05 was considered as signiﬁcant differ-
ence.
3. Results
During the 105 days of the study, the animals gained weight
from an average of 244 ± 17 g (C0 and T0) to 558 ± 70 g (C105 and
T105) (Fig. 1A). Weight gain was observed during the whole time
course of the study (p < 0.001; two-way ANOVA) uniformly in the
C and T groups except for the T3 group, which exhibited a weight
loss of 11% compared to the C3 animals (p = 0.022).
3.1. Lung volumes
FRC, TLC and RV increased with time, also as a result of growth,
but the increase was faster in the T group (p < 0.001): while group C
showed an increase of 75% in FRC, and 56% in RV from the beginning
to the end of the study, the corresponding changes in group T were
194% and 244%, respectively. There were statistically signiﬁcant dif-
ferences between the control and treated rats throughout the study
(Fig. 1B–D): for FRC and RV a difference appeared already on day 3,
whereas there was no difference in TLC until day 21. Increases in
all lung volumes reﬂect the combined effect of PPE and time, and
there was  a statistically signiﬁcant interaction between treatments
and time (p < 0.001) for all lung volumes.
3.2. Respiratory mechanics
The treatment had signiﬁcant (p < 0.001) effects on H and 
(Fig. 1F and H, respectively). The interaction between treatment
and time was statistically signiﬁcant (p = 0.001) for these parame-
ters. There was  no difference between Raw in the control and the
treated animals at any time point (Fig. 1E). Differences in H and 
between the groups developed as early as day 3.3.3. Morphological evaluations
The H&E stained samples from the T105 group exhibited large
areas of tissue destruction with enlarged airspaces and septal
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Fig. 1. Effects of time and treatment (porcine pancreatic elastase, PPE vs saline controls) on physiological variables. A: Body weight. B: Percentage change of the functional
residual capacity (FRC%). Statistics on log(FRC). C: Percentage change of the total lung c
change  of the airway resistance (Raw%). F: Percentage change of the tissue elastance (H
hysteresivity (%). Statistically signiﬁcant difference between saline and PPE treated anim
Table 2
Estimation of inﬂammatory cells on hematoxylin-eosin stained sections.
Macrophages Neutrophils Lymphocytes
3 d
T ++++++++++ ++++++++
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ontrol (C) and elastase-treated rats (T) at 3, 21 and 105 days after treatment.
all breaks (Fig. 2A and B), and the distribution of the Dalv val-
es included diameters larger than 300 m (Fig. 2E). The median
alv (Fig. 3A) increased signiﬁcantly with time (p < 0.001) both in
he control (C3 vs C105) and the treated groups (T3 vs T105). In
he control rats, median Dalv increased from 57.8 m to 73.1 m
126.5%; p = 0.007), while in the treated animals the correspond-
ng changes were from 66.7 to 88.4 m (132.5%; p < 0.001). The
ifference between the control and the treated animals became sta-
istically signiﬁcant on day 21 (p = 0.027), and remained signiﬁcant
ill day 105 (p = 0.004). In contrast to Dalv, D2 revealed a difference
n alveolar size between the 2 groups already by day 3 (Fig. 3B). The
ighest values of Tw were found on day 3 in both groups (Fig. 3C),
hich was followed by decreases on day 21 and a reversal on day
05. The treated groups had signiﬁcantly higher values of Tw than
he controls at all time points.
The ex vivo images obtained with the OPS technique demon-
trated enlargements of subpleural airspaces in the T105 group
ompared to those in the C105 animals (cf. Fig. 2D and C), which
esulted in a rightward shift of the Dalv distribution (Fig. 2F)
ith the median increasing from 66.3 to 78.4 m (p < 0.001,
olmogorov–Smirnov test). Note that the OPS Dalv distributions do
ot extend to the high values that correspond to ductal structures
ncluded in the histology distributions.
The evaluation of inﬂammatory cells showed important changes
n time and with treatment (Table 2). There was  a two-phase
acrophage response to elastase treatment with the ﬁrst increase
ccurring on day 3 and the second on day 105. Neutrophils and lym-
hocytes exhibited a one-phase invasion but with an early onset
day 3) for neutrophils and a late onset (day 105) for lymphocytes.apacity (TLC%). D: Percentage change of the residual volume (RV%). E: Percentage
%). G: Percentage change of the tissue damping (G%). H: Percentage change of the
als (*p  < 0.001, #p = 0.022).
Examples of elastin and collagen stained samples are presented
in Fig. 4B, C, E and F. These ECM components showed only mild
changes. The highest levels of Mec  were found at day 3 with no dif-
ference between groups C3 and T3, whereas signiﬁcant differences
between control and treated groups (p < 0.001) were observed on
days 21 and 105 (Fig. 4A) with larger values of Mec  in the treated
groups. Mcc  presented a reverse tendency (Fig. 4D); the differences
between C and T developed at day 3 that was sustained at day 21
(p < 0.001) but vanished by day 105.
The values of H are plotted against the corresponding mean val-
ues of Dalv in all animals in Fig. 5. The inverse relationship between
H and Dalv reveals a strong structure–function correlation with both
the control and treated rats following this relationship.
4. Discussion
This follow-up study was designed to track the elastase-induced
alterations in lung structure, ECM composition and function in rats
within but also beyond the few weeks intervals usually covered
by previous investigations (Schmiedl et al., 2008; Vecchiola et al.,
2011). Repeated measurements of respiratory mechanics and lung
volumes were made in the same animals at 3, 21 and 105 days
after the elastase treatment. Lung morphometry and evaluation of
inﬂammatory cells and the major load bearing ECM components
were accomplished at the end of the follow-up study and also in
subgroups of rats at 3 and 21 days. Additionally, alveolar structural
information on the intact lungs was obtained by ex vivo imaging
from the subpleural alveoli at the end of the study.
4.1. Lung volumes and mechanics
The longitudinal functional data reﬂected both the continuous
progression of emphysema in the PPE-treated rats and the somatic
growth in all animals until day 105. These changes similarly affect
lung volumes and tissue mechanics. Apart from these patterns of
change in TLC, the elevation of lung volumes in the PPE treated
groups resembles the typical feature of the human disease (Cooper,
2005). Our ﬁnding that the differences between the two groups
increased further after the 21st day of the study (an interval around
the standard recommended time of the PPE rodent model (Snider
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Fig. 2. (A–D) Representative pictures on parenchymal structure and distributions of the alveolar diameters. Hematoxylin-eosin (H&E) stained samples from the 105 d control
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Rroup  (A, number of alveoli: 32,432) and the 105 d treated group (B: 28,893); Ortho
05  d treated group (D: 13,656). (E and F) Distribution of the alveolar diameters (D
t al., 1986)) indicates the need for longer protocols for the inves-
igation of late stage emphysema.
The changes in the mechanical properties of the respiratory tis-
ues paralleled those in lung volumes. While natural growth leads
o a decrease in volumetric elastance, PPE induced an accelerated
ecrease in H. Interestingly, the difference in G between groups C
nd T did not develop as fast and as much as that in H (cf. Fig. 1F
nd G); as a result of this,  increased abruptly in group T (Fig. 1H).
his may  indicate either an immediate alteration in parenchymal
iscoelasticity (as a consequence of the elastolytic intervention)
r an increase in lung heterogeneity. The lack of difference in
aw between groups C and T at any time point of the study is inPolarization Spectral (OPS) images from the 105 d control group (C: 31,504 and the
the 105 d animals obtained from H&E stained sections (E) and OPS images (F).
accordance with the results of previous studies, where the airway
function did not appear to be affected by the loss of parenchymal
tethering forces as expected from the fall in elastance (Hantos et al.,
2008; Vecchiola et al., 2011). There were mild gradual decreases in
Raw, which were similar in groups C and T, and can be attributed
to body (and lung) growth with age.
4.2. Lung structureThe OPS technique was  designed to image human microcircu-
lation (Groner et al., 1999) using reﬂected light from the surface
of a solid organ such as brain, skin (Harris et al., 2000), liver,
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F A) Th
w e SEM
g
p
e
w
o
p
t
o
b
s
s
s
t
s
l
s
l
t
F
m
t
big. 3. Morphological results obtained from the H&E stained histological samples. (
all  thickness (Tw) as a function of time after treatment. Median values; bars denot
roups.
ancreas (Langer et al., 2000) and conjunctiva or cornea (Laemmel
t al., 2000). Although this imaging technique can be used in vivo,
e choose the ex vivo condition to avoid the confounding effects
f the beating heart, which allowed us to investigate the sub-
leural alveoli in their unaltered, physiological condition. Despite
he fact that the OPS technique is optimized for the visualization
f hemoglobin, the present imaging results demonstrate that the
lood cells remaining after the exsanguination of lungs provide
ufﬁcient contrast in the septal planes perpendicular to the pleural
urface. The distribution of the subpleural alveoli showed a slight
hift in the treated group due to septal wall ruptures, which lead
o enlarged airspaces. Thus, this technique is capable of detecting
tructural differences between the normal and the emphysematous
ung. The distribution of the alveoli from the traditional histological
amples indicated a similar scenario, but the histogram revealed a
onger tail, which means that the subpleural alveoli are smaller in
he OPS images both in the control and PPE-treated animals than in
ig. 4. Mean values of the components of the extracellular matrix, obtained from the sta
icrographs of the modiﬁed Movat staining in a day 105 control and treated animal, resp
he  Masson’s trichrome staining, in a day 105 control and treated animal, respectively. Me
etween control and treated groups. Histological pictures with 60× magniﬁcation.e alveolar diameter (Dalv), (B) the area weighted alveolar diameter (D2) and (C) the
. P values indicate the levels of statistical signiﬁcance between control and treated
the histological samples where the entire plane of the section was
investigated. In addition to the fact that the large ductal structures
are not included in the OPS images this difference may  be explained
by the cohesive effect of the pleura, which can mitigate any increase
in alveolar size in both groups. Similar results were found regarding
the size of subpleural alveoli in mice by Mitzner et al. (2008). They
investigated agarose ﬁxed lung samples with traditional histology
and found signiﬁcantly smaller mean airspace chord lengths close
to the pleura than in the interior parts of the lung. We conﬁrm these
ﬁndings and show here that OPS- and histology-based airspace
sizes seen in this study are physiological in nature and the two
methods are complementary.
The increases in the median Dalv and D2 in the treated animals
are consistent with the morphological features of emphysema, i.e.
the destructed wall of the airspaces and the enlarged alveoli, with
the D2 being more sensitive to the morphological changes in this
pathological condition because it also incorporates heterogeneity
ined histological samples. (A) Mean elastin content (Mec), (B and C) representative
ectively. (D) Mean collagen content (Mcc), (E and F) representative micrographs of
dian values; bars denote SEM. P values indicate the levels of statistical signiﬁcance
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rig. 5. Structure–function correlation. The tissue elastance (H) as a function of the
ean alveolar diameter (Dalv) in control and elastase-treated rats. Pooled data from
ontrol and treated rats.
f structure (Jacob et al., 2009; Parameswaran et al., 2006). The wall
hickness of the alveoli on the histological images was  higher in the
PE treated animals due to tissue remodeling. Previous studies also
ound an elevated alveolar septal wall thickness in elastase-treated
ice, although there was not a signiﬁcant difference between the
aline-treated control and the PPE-treated animals (Imai et al.,
010; Ito et al., 2004). However, note that in those studies the inter-
als of the investigation, the treatment dose and method as well as
he strain were different. In Sprague-Dawley rats the same results
ere found (Seifart et al., 2011), where the mean thickness was
.1 and 2.9 m in the control and the emphysematous animals,
espectively, 38 days after the PPE treatment. Increased septal wall
hickness was also observed in human emphysema within mod-
rate lesions (Vlahovic et al., 1999); however, the wall thickness
as two times higher than in healthy controls (5.2 m vs 2.2 m)
ndicating a limitation of the PPE-induced rat model of emphysema.
.3. Alterations in lung inﬂammation
The evaluation of the inﬂammatory cells from the histologi-
al samples at day 3 showed the expected picture of lung injury
increased number of macrophages and neutrophils, Table 1.)
ue to the PPE treatment, coinciding with the observed macro-
copic appearance of hemorrhaged lungs. The massive invasion
f macrophages and neutrophils is attenuated by day 21 in the
mphysematous animals, although a second macrophage phase
as detectable at day 105. These cells play important roles in the
rogression of emphysema because they are capable of releasing
atrix metalloproteinases (MMPs) that break down both elastin
nd collagen. Moreover, macrophages are dominant cells in the
irways and air spaces of emphysematous patients (Foronjy and
’Armiento, 2001), so that it is likely that these cells contribute to
he progression of the PPE-induced emphysema.
.4. Changes in the ECM
Changes in ECM composition are hallmark features of COPD.
any studies (Finlay et al., 1996; Karlinsky et al., 1983) have inves-
igated the remodeling of elastin and collagen, because these two
oad-bearing components play crucial roles in the maintenance of
he lung elasticity and structure. In our experiments, an increase
n elastin content in the treated group was observed from the
1st day and lasted until the endpoint of the 105-day protocol.
imilar results were found in hamsters 21 days after treatment
ith PPE, which was characterized as the elastin remodeling over-
hoot (Karlinsky et al., 1983). Finlay et al. (Finlay et al., 1996)
eported that the sheets of elastin had moth-eaten appearance in & Neurobiology 215 (2015) 13–19
rats and humans under scanning electron microscope. Interest-
ingly, changes in collagen content were opposite and faster in the
present work, and differences were found between the control and
the emphysema groups at 3 and 21 days after the treatment. It is
likely that the collagen content decreased as a result of the PPE
treatment at the beginning of the study. Note that elastase is a
serine protease which cleaves elastin at multiple sites (Houghton
et al., 2006) as well as proteoglycans (Mok  et al., 1992). However,
it is more likely that the inﬂammatory cells secrete different MMPs
(Lanone et al., 2002) including collagenases, which directly degrade
the collagen in the ECM (D’Armiento et al., 2013). In response to the
initial injury, the degraded collagen and elastin ﬁbers start to be
remodeled in the tissue. Indeed, a former rat study showed similar
results: thickened collagen ﬁbers under scanning electron micro-
scope (Finlay et al., 1996). In patients, elevated elastin and collagen
content was found by Vlahovic et al. (Vlahovic et al., 1999) in mod-
erate emphysematous lesions in contrast to our results, suggesting
additional limitations of the PPE-induced emphysema in rats.
An important ﬁnding of this study is a strong structure–function
relation that links lung elasticity (parameter H) to mean alveo-
lar diameter. The mechanism behind this relation is likely rupture
of the septal walls. There are two  consequences of a septal wall
rupture. First, it leads to a coalescence of two  neighboring alveoli
and hence locally the alveolar diameters increase. Second, the
rupture decreases the number of walls carrying the load in the
parenchyma, which in turn decreases lung stiffness. Furthermore,
a single rupture transmits the tension in the wall to its neighbors,
which increases the likelihood of a subsequent rupture. Sufﬁ-
cient number of ruptures results in macroscopically measurable
decrease in H. Thus, through a common mechanism, rupture of
septal walls (Parameswaran et al., 2011; Suki et al., 2012), alveo-
lar structure and parenchymal stiffness become intimately linked.
Since airspace diameter steadily increases (Fig. 3A) while elastin
content decreases and collagen content increases (Fig. 4A and 4D),
it seems plausible that the amount of load bearing ECM constituents
determine the failure of the septal walls and indirectly alveolar
airspace diameters. However, the ECM constituents also decrease in
the control group during natural growth of the animal. One possibil-
ity is that the cross-link density and distribution are different in the
remodeled elastin and collagen ﬁbers that make them vulnerable
to failure. Indeed, the difference in the inﬂammatory cells between
the control and treated groups (Table 2) may  explain the presence
of an aberrant remodeling (Vlahovic et al., 1999) resulting in weak
ﬁbers and failure (Kononov et al., 2001). Mechanical failure in turn
exposes fragments which are chemoattractant to macrophages in
the lung (Houghton et al., 2006) and a vicious circle may  form:
tissue inﬂammation leads to mechanical failure which maintains
inﬂammation and ultimately a steady progression of the disease.
5. Summary
In conclusion, we have demonstrated that the progression of
emphysema induced by a single dose of PPE did not reach a plateau
in lung volumes and pulmonary mechanics by the end of this
105-day follow-up study. It is likely that the second phase of
macrophage invasion plays an important role in the continued
progression of emphysema. The ex vivo (OPS) imaging of sub-
pleural alveoli in the intact lung structure conﬁrmed the results
of the conventional morphometry and revealed the elastase-
induced enlargement and destruction of the peripheral airspaces.
At the level of the ECM we observed that elastin remodeling was
delayed compared to the collagen remodeling. Overall, a strong
structure–function relation has been identiﬁed that is driven by
septal wall ruptures. Thus, such relations obtained from long-term
follow-up studies may  be used to predict the amount of structural
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